The vertebrate Hox genes, which represent a subset of all homeobox genes, encode proteins that regulate anterior-posterior positional identity during embryogenesis and are cognates of the Drosophila homeodomain proteins encoded by genes composing the homeotic complex (HOM-C) . Recently, we demonstrated that multiple Hox proteins bind DNA cooperatively with both Pbx1 and its oncogenic derivative, E2A-Pbx1. Here, we show that the highly conserved pentapeptide motif F/Y-P-W-M-R/K, which occurs in numerous Hox proteins and is positioned 8 to 50 amino acids N terminal to the homeodomain, is essential for cooperative DNA binding with Pbx1 and E2A-Pbx1. Point mutational analysis demonstrated that the tryptophan and methionine residues within the core of this motif were critical for cooperative DNA binding. A peptide containing the wild-type pentapeptide sequence, but not one in which phenylalanine was substituted for tryptophan, blocked the ability of Hox proteins to bind cooperatively with Pbx1 or E2A-Pbx1, suggesting that the pentapeptide itself provides at least one surface through which Hox proteins bind Pbx1. Furthermore, the same peptide, but not the mutant peptide, stimulated DNA binding by Pbx1, suggesting that interaction of Hox proteins with Pbx1 through the pentapeptide motif raises the DNA-binding ability of Pbx1.
The mammalian Hox genes represent a subset of homeobox genes, which are positioned in four tandem arrays designated the Hox A, Hox B, Hox C, and Hox D loci (33) (Fig. 1A) . The genes contained in these four loci are homologous to the homeotic selector genes of the Drosophila homeotic complex (HOM-C) in the sequences of their homeodomains, in their embryonic expression patterns, and in their general function of specifying positional information through regulation of target gene transcription (26, 33, 49) . Studies of mice with Hox gene mutations that generate either gain of function (2, 13, 30, 36, 42) or loss of function (5-7, 9, 12, 25, 29, 44) reveal that Hox genes, like their Drosophila counterparts, direct regional embryonic development and are involved in anterior-posterior axial pattern formation. For instance, the ectopic expression of Hox-A7 induces conversion from the normal seven cervical vertebrae to eight cervical vertebrae and is accompanied by variations in the most anterior vertebrae that suggest a posterior-to-anterior transformation (21) . In addition, ectopic expression of Hox-B8 causes duplication of forelimb structures and homeotic transformation of axial structures (4) , and Hox-A5 is also essential for appropriate axial differentiation (12) .
Overexpression of homeodomain proteins, including certain Hox gene products, can also lead to oncogenic transformation. For example, expression of Hox-B8, Hox-C8, Hox-A5, and Hox-A1 transforms NIH 3T3 fibroblasts in culture (32) and expression of Hox-B8 induces myeloid leukemias in mice (39, 40) . In humans, two homeodomain proteins are linked to leukemia: Hox-11 and Pbx1. Hox-11 is transcriptionally activated by translocation with the T-cell receptor gene in 5% of T-cell acute lymphoblastic leukemias (10, 20) , and retrovirus-induced expression of Hox-11 in cultured marrow blocks differentiation of factor-dependent myeloblasts. In 20% of pediatric pre-Bcell lymphoblastic leukemias (pre-B ALL), the transcriptionally silent PBX1 gene is fused with the transcriptionally active E2A gene as a consequence of the t(1;19) chromosomal translocation (17, 37) . The resulting E2A-PBX1 fusion gene contains sequences encoding the 5Ј transactivation domain of E2A linked with those encoding the majority of Pbx1, beginning at amino acid 89. The homeodomain of Pbx1 binds the DNA motif ATCAATCAA (designated the PRS for Pbx1-responsive sequence), and E2A-Pbx1 functions as a strong transcriptional activator in chloramphenicol acetyltransferase vectors driven by the PRS, while Pbx1 does not (24, 28, 46) . No transforming effects result from constitutive expression of Pbx1; however, E2A-Pbx1 induces myeloblastic (15) and T-lymphoblastic (8) leukemias in mice, induces foci on NIH 3T3 fibroblasts (16) , and blocks differentiation of primary cultured myeloblasts without altering their factor dependence (18) . Thus, formation of E2A-Pbx1 introduces two activities into t(1;19)-containing pre-B cells: one that induces growth and another that blocks differentiation.
Recently, we have shown that both Pbx-1 and E2A-Pbx1 bind the PRS cooperatively with multiple Hox proteins and that the DNA-binding activity of both the Pbx1 and Hox homeodomains is absolutely essential for cooperative binding (27) . In this complex, the majority of contacts between DNA and both Pbx1 and the Hox protein occur within the PRS. In E2A-Pbx1, the Pbx1 homeodomain is not required for the mitogenic ability of E2A-Pbx1 to induce foci on NIH 3T3 cells (19, 35) . While the homeodomain in E2A-Pbx1 is also dispensable for induction of T-cell ALL in transgenic mice (35) , it is required for E2A-Pbx1 to block differentiation efficiently in the myeloid lineage (19) . This suggests that the growth-inducing ability of E2A-Pbx1 is sufficient to initiate multistep T-cell leukemogenesis but that its ability to block differentiation requires a function of the homeodomain, such as cooperative DNA binding with specific Hox proteins.
Here, we identify the minimal sequences that enable certain Hox proteins to bind cooperatively to the PRS with Pbx1 and E2A-Pbx1. Using deletion mutagenesis of Hox-B8 and Hox-A5, we reduced the minimal required sequences to the homeodomain and a short N-terminal homeodomain extension, which contains the conserved pentapeptide motif Y/F-P-W-M-R/K (Fig. 1B) . Within the context of full-length proteins, point mutational analysis of this pentapeptide sequence revealed that the internal tryptophan and methionine residues were critical for cooperative binding but dispensable for DNA binding by the Hox protein alone. Synthetic peptides containing the wild-type pentapeptide abrogated cooperative binding between multiple Hox proteins and Pbx1 or E2A-Pbx1, while a peptide containing a mutation at the critical tryptophan did not. Finally, peptides containing the pentapeptide enhanced DNA binding by Pbx1 itself. We conclude that the pentapeptide motif of Hox proteins contributes to at least two of the three interactions that stabilize the Pbx1-Hox-DNA complex: first, it provides at least a portion of the Hox protein surface that binds Pbx1, and second, it enhances DNA binding by Pbx1. Differences in the abilities of Hox proteins to enhance Pbx1-mediated DNA binding might therefore serve as a mechanism to regulate differential affinities of Hox-Pbx1 complexes for DNA.
MATERIALS AND METHODS
Construction of recombinant plasmids. All cDNAs were cloned in vectors pGEM3zfϪ, pGEM4z, and pGEM3Z (Promega).
Mutagenesis. Site-directed mutations were introduced in Hox-A5 and Hox-B8 cDNAs by using the Muta-gene phagemid in vitro mutagenesis kit (Bio-Rad). Deletion mutations were created by introducing two MluI sites in the same reading frame on either side of the region to be deleted and excising the MluI fragment. As a result of this approach, an amino-terminal MluI site is present in each of the deletion mutants, converting the second and third amino acids to threonine and arginine, respectively.
In vitro transcription-translation. In vitro transcription-translation was performed by using the Promega TNT Coupled Reticulocyte Lysate System according to the manufacturer's specifications. All cDNAs were transcribed with SP6 polymerase. To adjust for differences in transcriptional and translation efficiencies, each Hox protein was synthesized in the presence of [ 35 S]methionine and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and the incorporation of isotope was analyzed either by excision of the bands and counting with a scintillation spectroscope or by direct quantitation with a GS250 Molecular Imager. On the basis of the number of methionines present in each Hox protein, the amount of each Hox protein was normalized prior to analysis of binding by electrophoretic mobility shift assays (EMSA).
EMSA. The oligonucleotide, AGCGCGGGCGCATCAATCAATTTCG, was phosphorylated by using [ 32 P]ATP, annealed to a 9-base oligonucleotide complementary to the last 9 bases of the 3Ј sequence, and made double stranded by addition of deoxynucleoside triphosphates and Klenow fragment. The underlined region represents the sequence of the PRS. For EMSA, 20,000 cpm of probe was incubated with 3 to 6 l of in vitro-translated proteins in the presence of 1 g of poly(dI-dC) in a buffer containing 10 mM Tris (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol, 0.1% Nonidet P-40, and 5% glycerol for 30 min at room temperature. Complexes were separated from free probe by electrophoresis in 5% acrylamide gels formed in 0.5ϫ TBE (27 mM Tris, 27 mM boric acid, 0.6 mM EDTA) and run in the same buffer. EMSA gels were dried and visualized by autoradiography.
Peptide competition studies. Peptides were synthesized by using a 431A peptide synthesizer (Applied Biosystems). Peptides were dissolved in water, and the pH was adjusted to 7.4 with 0.25 M HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid). The sequence of the wild-type Hox-A5 peptide (residues 173 to 184) is QPQIYPWMRKLH, and this peptide is designated PEP-A5
WT . The sequence of the W179F point mutant peptide (the peptide with a W-to-F change at position 179) is QPQIYPFMRKLH, and this peptide is designated PEP-A5 MUT . The mutated residue is underlined. The sequence of the nonspecific peptide is EEEEYMPME, and the peptide is designated EE-Tag. Peptides were added to binding reaction mixtures in concentrations ranging from 10 M to 1.0 mM. After drying of the EMSA gel, the protein-DNA complexes were visualized by autoradiography and counted with a GS250 Molecular Imager. 
RESULTS
Sequences containing a conserved pentapeptide are required for cooperative DNA binding of Hox proteins and Pbx1. Previously we have shown that Hox proteins bind the PRS sequence independently, as well as with Pbx1. To map sequences in Hox-B8 required to bind the PRS element cooperatively with Pbx1, a series of amino-terminal deletion mutations were constructed and mutant proteins were examined for their ability to bind the PRS, alone ( Fig. 2A , lanes 2 to 8) or cooperatively with Pbx1 (lanes 9 to 14), by using a PRS DNA probe and EMSA. Incremental deletions to residue 139 did not substantially alter monomeric DNA binding, as indicated by the formation of progressively smaller complexes upon addition of shorter Hox-B8 proteins alone ( Fig. 2A, lanes 3 to 7) . While amino-terminal deletions to residue 112 did not substantially alter the ability of Hox-B8 to exhibit cooperative binding with Pbx1, further deletion to residue 139 completely eliminated cooperative binding. A single C-terminal termination mutation (conversion of codon 212 to a stop codon) that eliminated most of the sequences downstream of the homeodomain strongly reduced monomeric binding ( Fig . Previously, we have demonstrated that DNA binding by the Hox-B8 homeodomain is essential for cooperative binding with Pbx1 (27) . Therefore, Hox-B8 requires the homeodomain, as well as sequences between residues 112 and 139, to exhibit cooperative binding with Pbx1. The notable feature contained in residues 112 to 139 is a highly conserved pentapeptide motif that lies at a variable distance amino terminal to the homeodomain and which is present in all Hox genes of all four loci (A to D), designated numerically from 1 to 8 (Fig. 1B) . These data suggested that this pentapeptide might be highly conserved because it mediates important interactions with Pbx1 or other Pbx proteins.
To explore this hypothesis, Hox-A5 was subjected to a similar analysis (Fig. 2B ). Amino-terminal deletions to residue 147 did not alter the ability of Hox-A5 alone to bind DNA (Fig. 2B , lanes 4 and 5) or the ability of Hox-A5 to bind the PRS cooperatively with Pbx1 (lanes 11 and 12). While deletion to residue 172 substantially reduced monomeric DNA binding (Fig. 2B , lane 6), the protein still exhibited a substantial ability to cooperate with Pbx1 (lane 13). However, while deletion to residue 184 produced a protein that actively bound DNA (Fig.  2B , lane 7), this protein was incapable of exhibiting cooperative binding with Pbx1 (lane 14). This deletion encompassed an additional 12 amino acids that also contained the pentapeptide motif. As with Hox-B8, elimination of the carboxyl terminus of Hox-A5 reduced DNA-binding affinity (Fig. 2B , lane 3) but did not substantially alter cooperativity with Pbx1 (lane 10). DNA binding by the Hox-A5 homeodomain was essential for cooperative binding with Pbx1, because a mutation that converts the invariant asparagine residue at position 51 of the homeodomain to serine (N245S mutant of Hox-A5) abrogated both DNA binding (Fig. 2B , lane 8) and cooperativity with Pbx1 (lane 15). Thus, the minimal sequence of Hox-A5 required for cooperative binding with Pbx1 is encompassed by residues 172 to 256, which contain the homeodomain and pentapeptide motif.
A tryptophan-methionine dipeptide within the pentapeptide sequence is essential for cooperative binding with Pbx1 and E2A-Pbx1. To determine whether the pentapeptide sequence is essential for cooperativity with Pbx1, single mutations were introduced in the pentapeptide within the context of each full-length Hox protein. For Hox-B8 ( Fig. 2A) , tryptophan 135 functioned as an essential residue, because its conversion to either phenylalanine (W135F) or alanine (W135A) did not alter DNA binding (lanes 19 and 22, respectively) but completely abolished cooperativity with Pbx1 (lanes 27 and 30). Methionine 136 was almost as essential. Its conversion to isoleucine (M136I) or alanine (M136A) did not alter DNA-binding properties ( Fig. 2A, lanes 20 and 23, respectively) but almost completely abolished cooperativity with Pbx1 (lanes 28 and 31, respectively). A very minor degree of cooperative binding could still be observed. Therefore, both the tryptophan and methionine residues were essential for the function of the pentapeptide, and these two residues are the only invariant residues among all pentapeptide sequences (Fig. 1B) . Surprisingly, proline 134 was dispensable, because its conversion to leucine (P134L) did not alter DNA binding (Fig. 2A, lane 21) and did not substantially alter cooperativity (lane 29). Although it appears to cooperate less well than the wild-type protein does, Hox-B8 P134L was not translated efficiently; therefore, only one-third as much of the P134L mutant as of the other Hox-B8 mutant proteins could be added to binding reaction mixtures ( Fig. 2A, lanes 21 and 29) . Earlier, we demonstrated that the abundance of the cooperative complex is a linear function of the amount of Hox protein added, suggesting that if we could add three times as much of this mutant, the amount of binding would be similar to that of wild-type Hox-B8. Arginine 137 could also be converted to lysine without any ill effects on either DNA binding ( Fig. 2A, lane 24) or cooperativity with Pbx1 (lane 32). Point mutations in Hox-A5 also revealed that tryptophan 179 of the pentapeptide was essential for cooperative binding with Pbx1 (Fig. 2B, lane 23) but not for DNA binding (lane 20). These mutations confirmed the hypothesis that the pentapeptide is dispensable for DNA binding but essential for cooperative binding with Pbx1.
We have previously shown that E2A-Pbx1, like Pbx1, exhibits cooperative binding with Hox proteins. To determine whether residues in the pentapeptide sequence displayed a similar profile of importance for cooperative binding with E2A-Pbx1, each point mutant form of Hox-B8 and Hox-A5 shown in Fig. 2 was subjected to cooperative-binding analysis with E2A-Pbx1 (Fig. 3) . E2A-Pbx1 exhibited a profile of cooperative DNA binding with the mutant Hox proteins identical to that of Pbx1 itself, exhibiting no cooperative binding with tryptophan mutants (Fig. 3, lanes 5, 6, and 13 ), a minor ability to bind cooperatively with methionine mutants (lanes 8 and 9), a substantial ability to bind in conjunction with the proline mutant (lane 7; one-third as much Hox-B8 P134L protein as wild-type protein), and a strong ability to bind the Hox-B8 arginine-to-lysine substitution mutant (lane 10). Thus, E2A-Pbx1 requires the same pentapeptide sequence to mediate cooperative binding with Hox proteins.
The pentapeptide constitutes at least part of a Pbx1-binding sequence. The indispensable nature of the pentapeptide suggests that it functions by one of two possible mechanisms. First, it could bind directly to Pbx1. Alternatively, it might interact with other Hox residues that stabilize a second surface that binds Pbx1. If the pentapeptide itself binds Pbx1, then a peptide containing that sequence should destabilize the Hox-Pbx1-DNA complex; however, if the pentapeptide is a structural feature that stabilizes a different interaction surface, then addition of a peptide comprising the pentapeptide should not interfere with complex formation. Increasing concentrations of a synthetic 12-residue peptide, which spans residues 173 to 184 of Hox-A5 and includes the pentapeptide (designated PEP-A5 WT ; sequence shown in Fig. 4C ), functioned as a competitive inhibitor of complex formation between Hox-A5 and Pbx1 (Fig. 4A, lanes 3 to 7) but did not alter DNA binding by Hox-A5 itself (this is even more apparent in Fig. 4C, lanes 14) and point mutational analysis (lanes 17 to 32) of sequences of Hox-B8 required for DNA binding in the absence of Pbx1 (lanes 3 to 8 and 17 to 24) and cooperative DNA binding in the presence of Pbx1 (lanes 9 to 14 and 25 to 32). Lanes 1 and 15 contain reticulocyte lysate alone, and lanes 2 and 16 contain Pbx1 alone. All proteins were produced by coupled transcription-translation by using rabbit reticulocyte lysates. Normal and mutant proteins are indicated above the lanes of the EMSA gel, and the addition of Pbx1 is indicated by a ϩ sign in the top row. Deletion mutants are referred to by the residues they contain, and point mutations are indicated by the wild-type amino acid followed by its position and altered identity. Full-length Hox-B8 is 240 amino acids long, and a diagram showing each deletion point is below the lanes. Approximately equal amounts (less than a twofold difference from the average) of all proteins were used, with the exception of the P134L mutant, for which threefold less protein was used. Protein abundance was based on incorporation of [ (Fig. 4A, lanes 8 to 10) . When introduced into the wild-type Hox-B8 protein, the same point mutation abolished cooperativity with Pbx1. PEP-A5 WT exhibited a half-maximal inhibition at 100 M (Fig. 4B) . At 500 M, PEP-A5
WT exhibited ninefold inhibition. Inhibition of cooperativity by PEP-A5
WT but not by PEP-A5 MUT suggests that PEP-A5
WT directly associates with Pbx1 and that the tryptophan residue is essential for this association. Similarly, failure of PEP-A5
MUT to disrupt the cooperative complex and failure of Hox proteins containing tryptophan mutations within their pentapeptides to bind the PRS cooperatively with Pbx1 suggest that the pentapeptide motif of Hox proteins also binds Pbx1 in the cooperative-binding DNA complex. If the pentapeptide binds Pbx1, then all Hox proteins that bind cooperatively with Pbx1 and E2A-Pbx1 should be subject to competitive inhibition by PEP-A5 WT . To test this prediction, we examined whether PEP-A5
WT blocked formation of complexes formed by addition of Pbx1 or E2A-Pbx1 together with Hox-A5, Hox-B7, or Hox-B8. Formation of each complex was abrogated by inclusion of PEP-A5 WT , but not PEP-A5
MUT (Fig.  4C) .
With longer autoradiography, a novel band was observed during the inhibition assays in the presence of PEP-A5
WT but not with PEP-A5 MUT . This novel band comigrated with but was more prominent than the observed faint band Pbx1 bound to the DNA probe in the absence of added synthetic peptide. On the basis of these observations, we hypothesized that during PEP-AT WT association with Pbx1 in the inhibition assays, the peptide increased the DNA-binding affinity of Pbx1 while it competitively inhibited cooperativity of the full-length Hox protein with Pbx1.
Binding of the pentapeptide increases the DNA-binding ability of Pbx1 and E2A-Pbx1. The ability of PEP-A5
WT to apparently bind directly to Pbx1 permitted examination of whether binding of the pentapeptide might increase the DNAbinding ability of Pbx1. In mobility shift assays performed in the absence of added full-length Hox proteins, PEP-A5 WT significantly increased the ability of bacterially synthesized Pbx1 (Fig. 5A, lanes 2 to 4) to bind DNA. Neither PEP-A5 MUT (Fig. 5A, lanes 6 to 8) nor a completely nonspecific peptide designated EE tag (lanes 9 to 11) stimulated DNA binding. Two complexes were visible in this preparation of Pbx1, the lower one most likely corresponding to a proteolysis product of full-length Pbx1. Both complexes contained Pbx1 as determined by their specific disruption by anti-Pbx1 serum (Fig. 5A,  lane 5) . Likewise, for in vitro-translated Pbx1 (Fig. 5B) , PEP-A5 WT stimulated DNA binding by Pbx1 (lanes 14 to 16) while PEP-A5
MUT had little or no effect (lanes 17 and 18). One would expect that half-maximal stimulation of DNA binding would occur at a peptide concentration equivalent to the halfmaximal concentration required to abrogate cooperative binding. With recombinant Pbx1, concentrations of 400 and 800 M PEP-A5
WT were required to produce a marked increase in binding, 200 M having little effect. Because the higher concentrations of peptide required to stimulate DNA binding might result from the different binding conditions used in analysis of recombinant Pbx1 protein, examination of the effect of PEP-A5
WT concentration on DNA binding is more appropriately done with in vitro-transcribed and -translated Pbx1 (Fig.  5B ). Under these conditions, 100 M PEP-A5
WT stimulated binding fourfold (Fig. 5B, lane 14) . At 300 M, a maximal eightfold stimulation was observed. Thus, half-maximal induction of DNA binding was again observed at approximately 100 M, the concentration observed to produce half-maximal dissociation of complex formation between Pbx1 and Hox proteins. This indicated that the binding of PEP-A5
WT to Pbx1 occurs at a single site and mediates both abrogation of complex formation and stimulation of DNA binding. This analysis suggests that the pentapeptide motif in Hox-A5 enhances cooperativity both by binding Pbx1 and by increasing DNA binding of Pbx1.
DISCUSSION
Here, we demonstrate (i) that a pentapeptide sequence in Hox-A5 and Hox-B8, which is also highly conserved in class I Hox proteins, is required for cooperative DNA binding with Pbx1; (ii) that both the tryptophan and methionine residues in the core of this sequence are essential for cooperative binding with both Pbx1 and E2A-Pbx1 but dispensable for binding of the Hox protein alone to the PRS; (iii) that sequences within the pentapeptide bind Pbx1; and (iv) that a peptide containing the Hox-A5 pentapeptide binds to Pbx1 and increases the affinity of Pbx1 for DNA. Complex disruption by the Hox-A5 synthetic pentapeptide suggests that all or a portion of the pentapeptide binds Pbx1, thereby stabilizing the trimeric Pbx1-Hox-DNA complex. The fact that relatively high concentrations of synthetic peptide (100 M) are required to dissociate one-half of a Pbx1-Hox-DNA complex suggests that the interaction between the pentapeptide and Pbx1 is inherently weak, and the fact that high concentrations of the same synthetic peptide specifically increase DNA binding by synthetic Pbx1 suggests that binding of the Hox pentapeptide to Pbx1 in the Pbx1-Hox-DNA complex increases DNA binding by Pbx1, further stabilizing the complex. We would argue that enhanced DNA binding by the synthetic peptide reflects a similar func- 10) and Hox-A5 (lanes 11 to 13) with E2A-Pbx1 was examined by EMSA, by using a DNA probe containing the PRS. Lane 1 contains reticulocyte lysate alone, and lane 2 contains E2A-Pbx1 alone. Wild-type and mutant Hox proteins were normalized for abundance as described in the legend to Fig. 2 . As in the experiment shown in Fig. 2 , for the Hox-B8 P134L mutant one-third as much protein was used as for the rest. WT, wild type; mut, mutant.
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on December 21, 2017 by guest http://mcb.asm.org/ tion of the pentapeptide in the trimeric Hox-Pbx1-DNA complex, even though the Hox protein is present in only picomolar concentrations, because the binding of the Hox pentapeptide to Pbx1 in this complex is dictated not only by its free concentration but also by its affinity for a specific DNA subsequence in the PRS. Because the pentapeptide is required for cooperative DNA binding between Pbx1 and either Hox-A5 or Hox-B8, the function of the pentapeptide is likely conserved in all Hox proteins containing this motif. Furthermore, because Hox-A5 and Hox-B8 have somewhat different pentapeptide sequences and exhibit different spacing between their pentapeptides and homeodomains, the pentapeptide motif appears to be modular and its function is at least somewhat position independent.
Binding of the pentapeptide to Pbx1 could enhance Pbx1 DNA binding through several mechanisms. First, the pentapeptide could bind the Pbx1 homeodomain and stabilize the homeodomain-DNA interaction. Second, it could lead to the formation of a new DNA-binding surface in Pbx1. Third, it could relieve repression of DNA binding by a negative regulatory structure within Pbx1 and thereby unmask an inherently stronger DNA-binding activity. Fourth, a portion of the pentapeptide could bind Pbx1 and a second pentapeptide surface could either specifically or nonspecifically bind DNA, thus cross-linking Pbx and DNA. A further dissection of the pentapeptide-responsive sequences within Pbx1 will be required to clarify these mechanistic alternatives.
The pentapeptide of Hox proteins plays a role somewhat similar to that of the amino-terminal sequences of the yeast ␣2 transcriptional repressor. ␣2 is a homeodomain-containing protein that cooperatively binds a specific DNA motif in a tetrameric complex with the yeast transcriptional activator, MCM1 (47) . A region amino terminal to the homeodomain in ␣2 mediates its association with MCM1 (47) . Analysis of the crystal structure of ␣2 alone indicated that this region is unstructured (48) . Likewise, structural predictions of a fragment of the Antennapedia protein containing the homeodomain and amino-terminal pentapeptide suggest that the homeodomain on December 21, 2017 by guest http://mcb.asm.org/ assumes an ordered structure while the pentapeptides does not (43) . Thus, both the amino-terminal extension of ␣2 and the pentapeptide-containing sequence of Hox proteins have a disordered structure in the absence of a cooperating partner. These two observations-that the sequence containing the pentapeptide is disordered and that a similar disordered sequence mediates protein-protein interactions between ␣2 and MCMI-are both consistent with our proposal that the pentapeptide mediates protein-protein interactions with Pbx1 but does not alter monomeric DNA binding by Hox proteins. The model that Hox proteins bind Pbx1 through their pentapeptide sequences and therein enhance DNA binding by Pbx1 suggests four mechanisms that could generate selectivity in DNA binding among a group of possible Pbx1-Hox heterodimers. First, different amino acids surrounding the pentapeptide of each Hox protein might alter both the affinity of the pentapeptide for Pbx1 and its ability to increase DNA binding by Pbx1, providing a selective mechanism whereby only a subset of Hox proteins would preferentially form Pbx1-Hox heterodimers on target sequences. Second, the interaction of the pentapeptide with Pbx1 could induce amino acids adjacent to the pentapeptide to interact with DNA, thereby extending the zone of DNA contact with the Hox protein. An analysis of optimal DNA-binding sites for different Pbx1-Hox heterodimers should reveal whether cooperation with Pbx1 alters target specificity. Third, differential spacing between the pentapeptide and homeodomain of different Hox proteins could specify spacing differences between Pbx1 and Hox half-sites on optimal DNA recognition elements. In addition to the large degree of variability in the distance between the pentapeptide and the homeodomain among different Hox proteins (Fig. 1B) , individual homeodomain proteins, such as Drosophila Ubx, exhibit alternative mRNA splicing that results in the production of four different proteins that position the pentapeptide motif at different distances from the homeodomain (22) . The result of such differential spacing is currently unknown. Finally, it is possible that upon association with Pbx1, DNA binding by certain Hox proteins is elevated, resulting in preferential DNA binding of this subset of Hox-Pbx1 heterodimers.
Because the presence of the pentapeptide in a Hox protein correlates with the ability of Hox proteins to bind DNA cooperatively with Pbx1, one would predict that other homeodomain proteins containing the pentapeptide but encoded by genes outside the Hox A, B, C, and D loci should also exhibit cooperative DNA binding with Pbx1. A survey of GenBank sequences revealed that three other proteins, STF-1 (IPF [38] ), a transcription factor required for activation of the insulin and somatostatin promoters; Hox-11, the protein encoded by the oncogene that is transcriptionally activated by the t(10;14) chromosomal translocation in 5% of T-cell ALL (10, 20) ; and Hox-7.1, which is the prototype for a new class of homeodomain proteins not encoded by the Hox loci and which are related to the Drosophila Msh genes (11) (Fig. 1B, bottom) , contain perfect or near-perfect pentapeptide motifs located on the amino-terminal side of their homeodomains. STF-1 contains the sequence FPWMK, and we find that it binds cooperatively to the PRS with both Pbx1 and E2A-Pbx1 and that this complex is sensitive to dissociation by PEP-A5 WT . Thus, proteins encoded by genes of the Hox loci are not the only ones to contain a pentapeptide sequence that recruits Pbx1 into trimeric complexes. Upstream of their respective homeodomains, Hox-11 contains the sequence FPWME and Hox-7.1 contains the sequence TPWMN. Interestingly, the Drosophila Engrailed (Eng) homeodomain protein exhibits cooperative binding with Exd, a Drosophila homolog of Pbx1 (45) , even though it does not contain a well-defined pentapeptide. Eng does, however, contain the sequence WPAWVY upstream of the homeodomain. While this motif is also present in the mouse homologs, Engrailed-1 and Engrailed-2, Eng-2 fails to cooperate with Pbx1 on the PRS element (27) . The WPAWVY motif is somewhat similar to the F/Y-PWM sequence of the pentapeptide in the sense that it contains tryptophan, proline, tyrosine, and another hydrophobic residue (valine versus methionine), and it is likely to represent an association motif either for Pbx proteins in the context of a different DNA sequence or for a different cooperating factor.
During preparation of the manuscript of this article, Chang et al. (3) demonstrated that a single mutation encompassing all four residues in the YPWM consensus of Hox-B6 and Hox-B7 abrogates cooperative binding with Pbx1. The monomeric DNA-binding properties of the mutant Hox proteins were not described. By contrast, the Hox-B8 and Hox-A5 point mutants we describe here exhibit the same low levels of DNA binding as the parental wild-type proteins do; thus, we can conclude that reduction of DNA binding by the Hox proteins does not contribute to abrogation of cooperative binding with Pbx1. Chang et al. (3) also demonstrated that appending this motif to Hox-A10, which does not contain a pentapeptide sequence, increases cooperative binding with Pbx1 severalfold. While this experiment is generally good evidence that the transferred motif mediates the cooperative effect, the fact that wild-type Hox-A10 exhibits a low level of cooperativity with Pbx1 introduces the possibility that engraftment of the pentapeptide simply enhances another unique mechanism used by Hox-A10 to cooperate with Pbx1. Our peptide data suggest that the pentapeptide mediates cooperative binding with Pbx1-and mediates it directly-because peptides containing this motif compete for complex formation and also enhance DNA binding by Pbx1. Because sequence variants of this motif are likely to occur, we propose that this region of Hox proteins be functionally designated the Pbx cooperativity motif, or PCM. Using the yeast two-hybrid system, Johnson et al. (14) have also demonstrated that physical interaction between Exd and other Drosophila homeodomain proteins containing the pentapeptide requires the presence of the pentapeptide. This suggests that the PCM of Hox proteins may bind Pbx1 and E2A-Pbx1 in the absence of a DNA recognition motif.
The fact that the pentapeptide is present in a large portion of HOM-C proteins in Drosophila, and Hox proteins in mice and humans suggests that this sequence functions as a PCM in each of these proteins and therefore indicates that Pbx1 contributes to Hox protein function and thus to developmental control. It also suggests that E2A-Pbx1 may mediate its profound effect of blocking differentiation by interfering with developmental programs orchestrated by these Hox proteins. E2A-Pbx1 possesses two distinct transforming abilities that can be observed as single-step events in cultured cells: growth induction in NIH 3T3 fibroblasts (16) and differentiation arrest in primary cultured myeloblasts (18) . The ability of the E2A domain of E2A-Pbx1 to activate transcription is essential for both growth induction and differentiation arrest (19, 35) , while the DNA-binding activity of the homeodomain is important for differentiation arrest (19) but dispensable for growth induction (19, 35) . Thus, the biochemical property of cooperative binding with Hox proteins correlates with the transforming property of arresting differentiation. The simplest explanation for arresting differentiation through Hox proteins is that E2A-Pbx1 replaces Pbx1 or other Pbx proteins (34) that heterodimerize with Hox proteins on consensus DNA elements and induces strong transcription of multiple Hox target genes, thereby overriding the specific transcriptional properties of Hox proteins. Because all pentapeptide-containing homeodomain proteins likely exhibit cooperative DNA binding with E2A-Pbx1, potential target genes for E2A-Pbx1 would include those regulated by all members of the four Hox loci (A to D) numerically designated 1 to 8, as well as homeodomain proteins such as STEF, and possibly Hox-11 and Hox-7.1. Because certain of these Hox proteins exhibit stage-specific and cell-type-specific expression during hematopoiesis and are thought to orchestrate programmed differentiation (1, 23, 31, 41) , introduction of E2A-Pbx1 could block their roles, resulting in differentiation arrest. Identification of such E2A-Pbx1 target genes in pre-B cells and dissection of the molecular mechanism by which E2A-Pbx1 activates their transcription should clarify whether pentapeptide-containing Hox proteins are the major cofactors that target aberrant gene transcription by E2A-Pbx1.
